Every cyanobacterial species contains genes encoding site-2-protease (S2P) homologues. The studied prokaryotic S2P homologues play essential roles in regulating stress responses through intramembrane proteolysis of membrane-bound anti-sigma factors. Here, the gene encoding Slr0643, one of four S2P homologues in Synechocystis sp. PCC 6803, was insertionally disrupted to explore its physiological role. Only a partially segregated mutant was obtained, indicating the essentiality of the gene product for growth. A pivotal role of fully functional Slr0643 in acid acclimation was demonstrated by defective acid acclimation to pH 6.5 in the mutant and transient induction of slr0643 in the wild-type after transfer from pH 7.5 to 6.5. DNA microarray and quantitative RT-PCR analyses of mutant and wild-type strains at pH 7.5 versus pH 6.5 identified genes involved in early acid acclimation and revealed genes expressed differentially due to slr0643 disruption. Early acid acclimation to pH 6.5 in the wild-type strain included upregulation of sigH, hik16 and hik35 and downregulation of pcrR and sigG, as well as downregulation of porins and upregulation of inorganic carbon and nitrogen transporters. The inability of the mutant strain to survive at pH 6.5 was found to be related to defective photosynthesis and excess expression of NADH dehydrogenase, together with excessive upregulation of carbon transporter and repression of nitrogen transporter and metabolism genes. Most interestingly, analysis of microarray data revealed the close relationship between slr0643 disruption and expression of the sigH operon. Thus it is suggested that Slr0643/Sll0857/SigH might act through an S2P/anti-Sigma factor/Sigma factor mechanism to play a role in acid acclimation.
INTRODUCTION
Cyanobacteria, the oldest and most abundant photosynthetic organisms on Earth, are attractive models for investigating stress responses to see how they adapt to an ever-changing environment. Furthermore, being probable ancestors of chloroplasts, cyanobacteria share many genes and mechanisms similar to those of plants (Gray, 1993; Martin et al., 2002) . Therefore, lessons acquired from cyanobacteria stress responses will greatly promote understanding of plant stress responses. Moreover, cyanobacteria are considered to be promising resources for biosensor and biofuel production (Angermayr et al., 2009 ).
Genome-wide transcriptional analyses in cyanobacteria, especially of Synechocystis sp. PCC 6803 (hereafter Synechocystis), have revealed many genes responsive to various environmental stresses, for example, during light acclimation, iron homeostasis and thermal acclimation (Rowland et al., 2010; Shcolnick et al., 2009; Singh et al., 2008) . However, many puzzles still remain about how these genes are regulated through signal transduction. Thus identification of transcriptional regulators and signalling pathways is essential in order to characterize stress-response mechanisms. Acid rain is one of the most serious threats to the environment. However, so far there is little information about acid acclimation processes in cyanobacteria.
As membrane-bound proteases, site-2 protease (S2P) homologues are conserved and distributed throughout different kingdoms, from bacteria to animals (Brown et al., 2000) . They coordinate responses between different cellular compartments through regulated intramembrane proteolysis of membrane-associated transcription factors or antisigma factors (Chen & Zhang, 2010) . The first identified S2P in humans liberates transcription factors, sterol regulatory element binding proteins (SREBPs), from the Golgi membrane to activate sterol and fatty acid uptake and biosynthesis (Brown & Goldstein, 1997; Sakai et al., 1996; Wang et al., 1994) . Escherichia coli S2P, RseP, located at the plasma membrane, processes RseA, a membrane-bound anti-s E , to free s E for activating s E -dependent extracytoplasmic stress responses (Alba et al., 2002; Kanehara et al., 2002) . We have been characterizing S2P homologues in photosynthetic organisms, for example, EGY1 and EGY2 in Arabidopsis (Chen et al., 2005 Guo et al., 2008) . EGY1, located in chloroplasts, is required for thylakoid grana development and accumulation of chlorophyll and chlorophyll a/b binding proteins (Chen et al., 2005) . EGY2, also chloroplast-located, plays a role in hypocotyl elongation . Multiple copies of genes encoding S2P homologues have been found in every sequenced cyanobacterial genome. However, as far as we know, none of their functions or physiological significance have been characterized so far. Thus we investigated the S2P homologue Slr0643 in the stress response of Synechocystis.
Here, we describe defective acid acclimation in an slr0643-disrupted mutant and analyse global transcriptional differences between mutant and wild-type strains at pH 7.5 versus 30 min after transition to pH 6.5. The results revealed early acid-acclimation-responsive genes and genes expressed differentially due to slr0643 disruption. It is suggested that Slr0643/Sll0857/SigH might act through an S2P/anti-Sigma factor/Sigma factor mechanism to play a role in acid acclimation.
METHODS
Strains and culture condition. Synechocystis wild-type strain was obtained from the American Type Culture Collection (ATCC) as ATCC 27184. Standard growth conditions were at 30 uC in BG11 medium containing 20 mM HEPES-NaOH (pH 7.5) under continuous illumination of 30 mmol m 22 s
21
, with oscillation at 130 r.p.m. Kanamycin at 40 mg ml 21 was added for the slr0643 mutant. For acidstress experiments, cells collected by centrifugation at 2000 g for 5 min were resuspended in fresh BG11 medium containing 20 mM HEPES or MES, at pH 7.5 or 6.5.
Construction of slr0643 mutant. The slr0643 gene was amplified from wild-type Synechocystis genomic DNA with primers P1 (59-CCGGAATTCATGTGGCTTCTTTTGC) and P2 (59-CCCAAGCTTC-TATATTCCCAACCAC). The PCR fragment digested with EcoRI and HindIII (sites underlined in primer sequences) was inserted into the EcoRI-HindIII site of pUC118 to generate p0643. The kanamycinresistance cassette was amplified from pCAMBIA1301 with primer P3 (59-AAACCATGGACGCTCAGTGGAACGAAA) and P4 (59-AAAC-CATGGTACAGGCAGCCCATCAGT). It was digested with NcoI and inserted to replace the NcoI-NcoI fragment within slr0643, yielding pK0643, which was used to transform Synechocystis (Fig. 1a) .
Measurement of physiological parameters. Physiological parameters were measured at 24 h after pH shift unless otherwise specified. Absorbance was measured by using a UV2300 spectrophotometer (Techcomp) at specific wavelengths or scanned from 400 to 750 nm. Extraction and measurement of chlorophyll and phycobiliprotein (PBP) were performed as described previously (Hartmut, 1987; Sakuragi et al., 2006) . Chlorophyll florescence at 77 K was measured as described previously (Kondo et al., 2007) with an LS-55 fluorescence spectrometer (PerkinElmer). Room temperature chlorophyll florescence was measured using a pulse-amplitude-modulated (PAM) chlorophyll fluorometer WATER-PAM (Walz) according to the manufacturer's protocol. Yield value derived from the last five pulses of the inductive curve was used to calculate effective quantum yield according to the equation: Yield5wPSII5DFt/Fm95(Fm92Ft)/ Fm9 (Schreiber et al., 1995) Microarray analysis. Cells were broken in a mini-bead beater-1 (Biospec) and total RNA was extracted using an RNA extraction kit (DongSheng Biotech). Genomic DNA contaminants were removed by using RNase-free DnaseI (TaKaRa Biotech). Biological variation was sampled by extracting RNA from three independent experiments and pooling them before hybridization. Two or four replicate chips for each comparison and two replicate printings per chip represented technical repeats. Microarray analysis was performed using commercial Synechocystis cDNA microarray version 2.0 (TaKaRa Biotech), which covers 3076 of 3264 ORFs of the whole genome. Dye-labelled cDNA was synthesized using an RNA fluorescence labelling core kit (M-MLV Version) version 2.0 (TaKaRa Biotech). Hybridization and washing steps were performed as described previously (Prakash et al., 2009) . Images were acquired with a GMS418 array scanner (Affimetrix) and quantified by ImaGene version 4.2 software (BioDiscovery). Spot signal intensity was determined after local background subtraction and normalization (Frederiksen et al., 2003) . The microarray data have been deposited in the NCBI Gene Expression Omnibus Series under the accession number GSE37747.
The t test was used to analyse significance of gene expression variation between each comparison across replicates. The P-values were calculated to compare the log ratio of variation and the null hypothesis of no variation. Genes that had a P-values¡0.01 and average fold change .1.5 were considered interesting and chosen for further analysis. Comparisons between Mut 7.5/WT 7.5 and Mut 6.5/ WT 6.5 were conducted by t test. A P-value50.01 was used to distinguish commonly and separately differentially expressed genes.
Quantitative RT-PCR (qRT-PCR). qRT-PCR was performed using a one-step SYBR Green I kit (TaKaRa Biotech) on Bio-Rad CFX96 (Bio-Rad). The rnpB gene was used as a reference. Primer sequences are provided in Table S1 (available with the online version of this paper).
RESULTS AND DISCUSSION
S2P homologues are prevalent in Cyanobacteria S2P homologues were identified throughout 39 sequenced species available in Cyanobase (http://genome.kazusa.or.jp/ cyanobase; December 2011), including 37 cyanobacterial species, one from Chlorobi and one from Proteobacteria. In 14 representative species analysed, multiple genes encode S2P homologues. For example, Acaryochloris marina MBIC11017 has seven copies, and six species have five copies. Multiple sequence alignment of these sequences indicated that multiple copies in a single organism often fell into three different clades: clades A, B and C (Fig. S1 ). In the case of Synechocystis, Slr0643 and Sll0862 were classified into clade A, while Sll0528 and Slr1821 were classified into clades B and C, respectively. However, all (Fig. S1 ).
Fully functional Slr0643 is required for acid acclimation
To elucidate the physiological function of Slr0643, we disrupted its gene by insertion of a kanamycin resistance cassette (Fig. 1a) . Transformants were selected after intensive selection on BG11 plates with kanamycin under different conditions. Using PCR and sequencing, we confirmed that the kanamycin resistance cassette disrupted slr0643 as designed, but wild-type copies still remained in the genome (Fig. 1b) . Thus only a partially segregated mutant was obtained and it is referred to as the slr0643 mutant hereafter. This result indicates that Slr0643 is indispensable for photoautotrophic growth. The slr0643 mutant could not survive under mixotrophic conditions (data not shown).
The slr0643 mutant grew similarly to the wild-type at pH 7.5 or above. But it stopped growing at pH 6.9 or lower, whilst the wild-type adapted quickly (Fig. 1c) . Whether the pH of the medium was decreased during exponential phase (OD 730 50.167) or linear growth phase (OD 730 50.8), cessation of growth was consistently observed in the mutant (Fig. 1d) , indicating that fully functional Slr0643 plays an essential role in acid acclimation.
We compared whole-cell absorption spectra of wild-type and mutant strains. The representative absorption peaks for chlorophyll (680 nm) and phycocyanin (600-650 nm) were lower in the mutant than in the wild-type at pH 6.5 (Fig. 2a) . The pale and yellowish appearance of the mutant at pH 6.5 might be caused by degradation of phycobilisomes. Further analysis of chlorophyll and PBP content revealed that at pH 6.5 the mutant contained only 73 and 66 % of wild-type levels, respectively (Fig. 2b) , indicating that accumulation of light-harvesting antenna pigment was affected. Then we analysed fluorescence properties of photosystem (PS)I and PSII by 77 K fluorescence spectroscopy (Fig. 2c) . Excitation of chlorophyll at 435 nm resulted in emission peaks at 685, 695 and 725 nm corresponding to PSII-CP43, PSII-CP47 and PSI, respectively. At pH 7.5, 77 K fluorescence spectra of the slr0643 mutant were similar to those of the wild-type. However, at pH 6.5, spectra of the slr0643 mutant showed decreased 3, 5, 7, 9, 11 and 13) and wild-type (lanes 2, 4, 6, 8, 10, 12 and 14) strains using primer pairs shown in (a): P1+P2 (lanes 1 and 2), P9+P10 (lanes 3 and 4), P11+12 (lanes 5 and 6), P1+P12 (lanes 7 and 8), P9+P12 (lanes 9 and 10), P11+P10 (lanes 11 and 12) and P11+P2 (lanes 13and 14). Sequencing of PCR products confirmed their authenticity. The absence of the wild-type copy in lanes 1 and 3 might be due to the low ratio of wild-type/mutant copy in the disrupted mutant. Sequences of primers P9-P12 are, respectively, TTACTGCTGCTCACTGGGTTTA, TCACTACGGATAAAGGACAG-CA, peaks from PSII-CP47 and PSI emission, with a small blue shift of the PSI emission peak. These results suggested that the function of PSII and PSI was impaired in the mutant. To further analyse photosynthetic activity, we measured chlorophyll fluorescence at room temperature with WATER-PAM. The yield value, reflecting PSII photochemical efficiency, in the mutant was similar to that in the wild-type at pH 7.5, but it kept decreasing when the pH of the medium was changed to 6.5, and became significantly lower than that of the wildtype (Fig. 2d) . The inductive curve of the mutant at 24 h after pH shift had only a small peak, indicating that PSII function was strongly impaired (Fig. 2e ).
Transcript profile of wild-type versus slr0643 mutant at pH 7.5 and 6.5
Rapid but transient induction of slr0643 transcript was observed in the wild-type after pH shift, with the highest induction at 15 min, and diminished induction at 30 min (Fig. 3a) . Upregulation of slr0643 under acid-shift and defective acid acclimation in the slr0643-disrupted mutant implied that Slr0643 played an important role in early acid acclimation. The S2P homologue Slr0643 was proposed to be a regulator of transcription factors or anti-sigma factors; therefore its disruption was assumed to influence transcription of regulated genes, especially under acid stress. So, using a DNA microarray, we compared global gene expression profiles of the slr0643 mutant with the wild-type at pH 7.5 versus 30 min after pH shift to 6.5 through a loop design (Fig. 3b) (Singh et al., 2003) . With criteria of fold change .1.5 and P,0.01, differential transcript abundance was identified for 538 genes (Table S2 , sheet 1). Table 1 shows a classification of these genes in each comparison into functional categories. qRT-PCR was used to validate a subset of microarray data, and good correspondence was observed for the genes examined X. Zhang and others ( Fig. 3c) . Expression of several genes 1 and 2.5 h after pH shift was further analysed by qRT-PCR and will be discussed in detail later (Fig. 4) .
Early acid acclimation in wild-type
To maintain pH homeostasis in wild-type, 33 genes were upregulated and 38 were downregulated at 30 min following transition from pH 7.5 to 6.5 (Table S2 , sheet 2). Differential expression was mainly observed in genes for transport and regulatory proteins in addition to unknown or hypothetical proteins (Table 2 ).
Downregulation was found in genes encoding probable porins (slr1272, slr1841 and slr1908) and ABC transporters (slr1113, sll1080 and sll1081), as well as ammonium permease (amt1) and urea transporter (amiC). Such downregulation of transport systems might help shut down or attenuate influx of extra hydrogen at pH 6.5. Slr1908 has been identified as a salt-reduced protein in plasma membranes by proteomic screening (Huang et al., 2006) . Here, we found continuous downregulation of slr1908 during the first 2.5 h of acid acclimation (Fig. 4c) . Increased transcription was observed in genes for CO 2 transporters (ndhF3/ndhD3/cupA/cupS), bicarbonate transporter (sbtA) and nitrate/nitrite transporter (nrtABC). Lowering the pH from 7.5 to 6.5 leads to lower availability of inorganic carbon and upregulation of transport systems for the two most important nutrients -inorganic carbon and nitrogen -which might ensure survival of Synechocystis below pH 6.5.
Among regulatory proteins, genes encoding two-component sensor histidine kinases, hik16 and hik35, were upregulated, while genes encoding transcriptional regulators, pcrR and sigG, were repressed. The sigH (sll0856) operon sll0856-sll0857-sll0858 was upregulated at pH 6.5. Further qRT-PCR revealed that sigH transcript kept increasing markedly during the first 2.5 h following pH transition in the wild-type (Fig.  4a) . These results implied that upregulation of sigH plays an important role in early acid acclimation.
Genes encoding several cellular process proteins were downregulated, including chaperone DnaK and pilusassembly-related proteins (sll1694, slr1274 and slr1277). Actually, the entire region of slr1274-slr1277 was downregulated at pH 6.5, suggesting this region has a role in acid acclimation. Another downregulated gene cluster was sll1077-sll1082, encoding agmatinase, a putative hydrogenase expression protein and an ABC transporter. A gene encoding a probable acetyltransferase (slr1501) coordinated with its downstream gene slr1113 for an ABC transporter, and both were greatly suppressed. Similar striking downregulation has been shown when Synechocystis was transferred from pH 10 to 7.5 (Summerfield & Sherman, 2008) . Thus downregulation of these two contiguous genes may reflect a response to pH decrease.
Fewer genes encoding structural proteins or enzymes were identified here, which might be due to our focus on the early stage of acid acclimation. Upregulation of sigH, hik16 and hik35 and downregulation of pcrR and sigG might trigger regulation of downstream structural proteins and enzymes. Further experiments on later stages will explore more integrated acid acclimation.
Acid stress response has been previously reported in Synechocystis during the 0.5-4 h following pH 3 treatment (Ohta et al., 2005) . When comparing 32 significantly upregulated and 29 downregulated genes at 0.5 h from that Chip 11
Chip 12 Chip 9
Chip 10 study with our results, upregulation was identified similarly in the gene encoding high-light-inducible polypeptide hliB and three unknown or hypothetical proteins (sll1086, slr0967 and slr1544), while similar downregulation was found only in 50S ribosomal protein rpl10. However, opposite regulation was observed for genes encoding CO 2 transporters ndhF3/ndhD3/cupA, bicarbonate transporter sbtA, sll0218-sll0219 and dnaK. Such divergence suggested that acid acclimation to pH 6.5 might utilize different mechanisms from acid-stress response to pH 3.
Defective acid acclimation in slr0643 mutant following transition from pH 7.5 to 6.5
Most acid-repressed genes in wild-type were still repressed in mutant upon pH shift (Table S2 , sheet 2). The only exceptions were dnaK, pcrR and rpl10 (Table 2) . Acidsuppressed transcription was mainly unaffected by slr0643 disruption, suggesting that Slr0643-independent regulation is involved in acid acclimation.
Among the acid-upregulated genes in the wild-type, diminished upregulation of ten genes or clusters was observed in the mutant, including the sigH operon (sll0856-sll0858), nrtABC, hik35, serine protease htrA and unknown or hypothetical protein genes sll0563, sll1769, slr0145, slr0888, slr1259 and ssl1911 (underlined in Table  2 ). Their diminished acid inducibility implies their close relationship with Slr0643.
Unique differential expression was observed in the mutant upon pH shift (Table 2 and Table S2 , sheet 3). Downregulated genes included photosystem and phycobilisome subunit genes, such as psaJ, psbO and apcC. Upregulated genes included phycobilisome degradation protein nblA1 and nblA2, two-component response regulator patA and Mn transporter mntC. Such regulation is consistent with reduced photosynthetic activity in the mutant at pH 6.5 (Fig. 2) .
Differentially expressed genes due to slr0643 disruption at pH 7.5 and 6.5
Only about 50 % of wild-type slr0643 transcript levels were left in the slr0643 mutant (Table 3) . Such disruption affected expression of 283 genes at pH 7.5, including 178 upregulated and 105 downregulated (Table S2 , sheet 4). These data proved that fully functional Slr0643 was an important regulatory protein. Interestingly, more than fivefold upregulation was observed in another S2P sll0528, which might suggest crosstalk among S2P homologues (Table 3 ). At pH 6.5, slr0643 disruption resulted in differential expression of 331 genes, including 180 upregulated and 151 downregulated (Table S2 , sheet 5). When comparing these two groups of differentially expressed genes (Mut 7.5/WT 7.5 and Mut 6.5/WT 6.5), similar numbers of genes were upregulated (180 compared with 178) and common upregulation accounted for about two-thirds of the upregulated genes, while differential upregulation was observed in one-third. However, more genes were downregulated in the mutant at pH 6.5 than 7.5 (151 compared with 105) and about 50 % were common, as 50 % were separately downregulated. Selected common and separately differentially expressed genes are classified in Table 3 .
Commonly downregulated genes. Among the commonly downregulated genes, the most significant downregulation was found in the sigH operon. Lower basal levels in the mutant plus diminished acid inducibility resulted in about one-third the level of transcript in the mutant at pH 6.5.
Common suppression in the mutant was found for the two-component response regulator ycf55 and transcriptional regulator sll0822. Common downregulation was also found in genes for several transporters, for example, glucose transport protein glcP, iron transport protein sufA and ammonium permease amt1. Repression of glcP might partially explain why the mutant could not grow under mixotrophic conditions. Several photosynthesisrelated genes, such as PSI subunits (psaI, psaM and pasK), PSII subunits (psbI and psbX) and PBP (apcD) were commonly downregulated in the mutant. Accordingly, lower expression was found in genes for protochlorophyllide reductase subunit (chlB). Two genes encoding nitrogen-assimilation enzymes, narB and glnN, were commonly downregulated by slr0643 disruption. Similar suppression was also identified in genes for phosphoenolpyruvate synthase (ppsA), RNA-binding protein (rbpA) and gene cluster slr1484-slr1485-slr1488.
Commonly upregulated genes. Common upregulation was found for sigma factors (sigB and sigD), transcriptional regulator perR and several two-component sensor or response regulators (hik31, pilG and copR). A couple of genes encoding transport and binding proteins were commonly upregulated in the mutant, for example, CO 2 transporter (sll1732-sll1734) (Table 2) , bicarbonate transporter (cmpABC), extracellular solute-binding protein (appA), probable sodium/sulfate symporter (sac1) and H + -transporting ATPase (pma1). Upregulation of pma1 at pH 6.5 might be more harmful than at pH 7.5, because of higher extracellular [H + ] at pH 6.5.
In contrast with the common suppression of photosynthesis-related genes, consistent upregulation was identified in respiration-related genes, such as soluble electron carriers (cytM and ssl3044), cytochrome b 6 /f complex subunits (petC2) and NADH dehydrogenase subunit (ndhJ, ndhC and ndhK). Common upregulation was also observed for biosynthesis enzymes for aromatic amino acid, cofactors or pyrimidine ribonucleotides, such as trpG, crtE, dfrA, panD and pyrB. Interestingly, common upregulation was found for three lipid-metabolism-related genes, namely long-chain-fatty-acid CoA ligase aas, sepiapterine reductase fabG and sterol C5-desaturase homologue slr0224. Common upregulation was also found in genes encoding chaperones (dnaJ and hspA), cell-envelope-related genes (murF and nlpD), as well as several metabolism enzymes (including dpm1 and speA). Common upregulation of several protease genes (clpP, clpB, ctpA and htrA) indicated accelerated protein degradation in the mutant. Fig. 4 . Transcript abundance of selected genes at 0.5 (white bars), 1 (grey bars) and 2.5 (black bars) h at pH 7.5 or 6.5. Transcriptional abundance in wild-type (WT) and mutant strains was quantified by qRT-PCR for sll0856 (a), sll1077 (b) and slr1908 (c) and normalized to the values for the wild-type at pH 7.5.
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On: Tue, 11 Dec 2018 21:48:09 Table 2 . Selected genes expressed differentially between pH 6.5 and 7.5
Changes in transcript abundance in each comparison are presented as fold changes. Significant variations are in bold type. WT 7.5 and WT 6.5 are wild-type at pH 7.5 and 6.5, respectively. Mut 7.5 and Mut 6.5 are slr0643 mutants at pH 7.5 and 6.5 respectively. Genes showing reduced acid upregulation in the mutant compared with the wild type are underlined ORF no.
Designation or function WT 6.5/WT 7.5 Mut 6.5/Mut 7.5 Mut 7.5/WT 7. Transcript abundances of sigB and sigD were significantly increased in the mutant though they were not responsive to pH shift. Their upregulation might be compensation for downregulation of other sigma factors, such as SigH. Or they might be induced by the stress signals due to slr0643 disruption, since they were responsive to various stresses, such as growth phase, bright light, and salt-and sorbitol-induced osmotic stress (Pollari et al., 2008 (Pollari et al., , 2009 ). Upregulation of sigB and sigD in the mutant paralleled some gene induction and might partly account for such induction. For example, chaperone hspA was upregulated strikingly in the slr0643 mutant, while its high-temperature induction was SigB-dependent (Tuominen et al., 2006) .
Separately downregulated genes. Interestingly, sigma factor sigF was downregulated only at pH 7.5. Such pH 7.5-specific downregulation was observed in genes for regulatory proteins (pcrR, sll1334 and nusG), two transporters (fhuA and slr1113), eight ribosomal proteins, as well as several gene clusters (sll1406-sll1407-sll1408, sll1742-sll1743-sll1744-sll1745-sll1746 and slr1501-slr1113).
hik35 (slr0473), and its downstream gene rcp1 (slr0474), was specifically downregulated at pH 6.5. Their gene products formed a red/far-red-light-regulated two-component system, which was required for adaptation to light-dark transitions (García-Domínguez et al., 2000; Psakis et al., 2011; Yeh et al., 1997) . Such pH 6.5-specific downregulation was also found for genes for nitrate/nitrite transporter (nrtACD and sll1082) and a few gene clusters, such as sll1304-sll1305-sll1306-sll1307, sll1577-sll1578-sll1579-sll1580 and slr0147-slr0148-slr0149-slr0150-slr0151.
Photosynthesis and respiration genes formed the biggest group with separate differential expression. Apart from the common repression in the mutant, pH 6.5-specific repression was found for an additional nine PSI and PSII subunits, 12 phycobilisome subunits and two soluble electron carriers (slr0150 and nifJ). Coordinately, pH 6.5-specific upregulation was observed for genes encoding phycobilisome degradation proteins, nblA1 and nblA2. Consistent with the downregulation of photosystem subunits, enzymes for biosynthesis of photosystem prosthetic groups were specifically downregulated at pH 6.5, such as ho1, hemF, hemB, pcr, chlL, chlN and chlP. Such transcriptional fluctuations in the mutant at pH 6.5 would lead to reduced PSI and PSII content and activity, as well as a deficient phycobilisome. It explained the defective photosynthetic activity observed and contributed to acid lethality.
Specific downregulation at pH 6.5 was also identified in genes for metabolism enzymes, such as pyridine nucleotide transhydrogenase subunits (pntA and pntB), glycogen phosphorylase glgP and agmatinase speB. Lower transcript abundance of speB in the mutant at pH 6.5 was confirmed by qRT-PCR (Fig. 4b) .
Separately upregulated genes. Separate upregulation was found for regulatory proteins. For example, two-component response regulators rre10 and patA were specifically upregulated at pH 6.5, while hik16 and transcriptional regulator rbcR were only upregulated at pH 7.5.
The pH 6.5-specific upregulation was found for bicarbonate transporter (sbtAB), probable porin slr1908 and several metabolism enzymes (including sll1147 and gpx2). Higher transcript abundance of slr1908 in the mutant at pH 6.5 was confirmed by qRT-PCR (Fig. 4c) . The pH 6.5-specific upregulation of NADH dehydrogenase subunits (ndhI and ndhE) increased the total number of upregulated NADH dehydrogenase subunits in mutants. pH 7.5-specific upregulation was shown for several respiration-related genes, for example, cytochrome oxidase subunit ctaD and cydA and cytochrome b 6 /f complex petC1.
Upregulation of molecular chaperones is usually found under stress conditions, such as high light and oxidative stress, since chaperones may play roles in repairing or clearing misfolded proteins under stress. In addition to the commonly induced chaperones due to slr0643 disruption, more chaperones were upregulated at pH 6.5, such as dnaK, htpG, groES and groEL, indicating the harder stress conditions for the mutant at pH 6.5.
Acid lethality to the slr0643 mutant Differential gene expression in the mutant at pH 6.5 (Mut 6.5/WT 6.5) provided clues to explain the lethality of acids to the mutant. The mutant had higher transcript abundance for genes for probable porin slr1908, H + -transporting ATPase pma1 and probable sodium/sulfate symporter sac1. Higher expression of these channels might result in excess hydrogen influx in the mutant. At the same time, photosystem and light-harvesting antenna and phycobilisomes in the mutant were severely damaged due to downregulation of most subunits of PSI, PSII and the phycobilisome, as well as upregulation of phycobilisomedegradation protein (Fig. 2, Table 3 ). Upregulation of a couple of NADH dehydrogenase subunits, cytochrome b 6 /f complex subunits and cytM implied enhanced respiration. Defective photosynthesis and excessive NADH dehydrogenase would disrupt energy and material balance and contribute to acid lethality.
On the other hand, genes encoding inorganic carbon transporters, such as ndhF3/ndhD3/cupA/cupS, sbtAB and cmpABC were upregulated in the mutant, while striking downregulation was observed for nitrogen-related genes, such as genes for nitrate/nitrite transporter (nrtACD and sll1082) and ammonium permease amt1, as well as agmatinase speB and two nitrogen assimilation enzymes narB and glnN. Coordinately, the gene encoding the AbrB-like transcriptional regulator, sll0822, was repressed in the mutant. Sll0822 has been proven to be a repressor of low-carbon-induced genes (Lieman-Hurwitz et al., 2009) and is essential for activation of nitrogen-regulated genes (Ishii & Hihara, 2008) . Therefore, its repression here matched the suppression of nitrogen-regulated genes and the over-activation of low-carbon-induced inorganic carbon transporters. Such an imbalance between carbon and nitrogen metabolism would lead to metabolism disorder and account for the lethality of acid to the mutant.
Mechanisms of Slr0643 in acid acclimation
Bacterial S2P homologues have been reported to play roles in stress response through S2P/anti-Sigma factor/Sigma factor signalling cascades (Chen & Zhang, 2010) . Other than E. coli RseP/RseA/s E mentioned above, later examples included MucP/MucA/AlgU in Pseudomonas aeruginosa (Qiu et al., 2007) , HurP/HurR/HurI in Bordetella bronchiseptica (King-Lyons et al., 2007) and RasP/RsiW/s W in Bacillus subtilis (Bramkamp et al., 2006; Schöbel et al., 2004) . When searching proteomics studies, we found Slr0643 protein identified in membrane proteomic analysis (Kwon et al., 2010) . We have also proved that recombinant Slr0643 protein exhibited metalloprotease activity against beta-casein in vitro (Qin et al., 2012) . Such membrane localization and metalloprotease activity were in agreement with our assumption that, like its bacterial homologue, Slr0643 might act through proteolysis of membrane-bound anti-Sigma factor in acid acclimation. Based on knowledge of bacterial S2P, Slr0643 was predicted to perform positive regulation on its downstream target. Therefore, slr0643 disruption would generate consistent downregulation of its downstream target at both pH 7.5 and 6.5.
Synechocystis possesses nine Sigma factors belonging to three groups, namely group 1 (SigA), group 2 (SigB-SigE) and group 3 (SigF-SigI) (Imamura & Asayama, 2009) . At pH 7.5, disruption of slr0643 caused upregulation of sigB, sigC and sigD and downregulation of sigF and sigH (Table  3) . Autoregulation has been reported for sigF and sigH expression (Asayama & Imamura, 2008; Matsui et al., 2007) , thus rendering anti-Sigma factors of SigF and SigH the possible target of Slr0643. However, at pH 6.5, transcript abundance of sigF was similar in the mutant and wild-type, hence it was excluded from being directly downstream of Slr0643 (Table 3) .
Among ten genes or clusters mentioned above with diminished acid inducibility in the mutant, consistent lower transcript levels in the mutant at pH 7.5 and 6.5 were observed only for the sigH operon and unknown protein gene sll0563, indicating that they were the most probable downstream targets of Slr0643 (Table 2 ). The involvement of sll0563 needs further investigation. Diminished acid inducibility of sigH in the mutant was confirmed by qRT-PCR during the first 2.5 h of pH shift (Fig. 4a) .
SigH is classified as a group-3 extracytoplasmic function (ECF) sigma factor (Imamura & Asayama, 2009) . ECF sigma factors are usually cotranscribed with one or more negative regulators (anti-sigma factors), which can bind and restrain the cognate sigma factor (Heimann, 2002) . Protein-protein interaction has been reported for SigG and SigI with their respective immediate downstream gene products, SigG(Slr1545)-Slr1546 and SigI(Sll0687)-Sll0688, suggesting Slr1545 and Sll0688 as anti-sigma factors respectively (Sato et al., 2007) . We also identified strong protein-protein interaction between SigH and Sll0857 (unpublished data). Microarray data reported in this study showed concurrent expression variation for the sigH operon (sll0856-sll0857-sll0858) (Table 2) . Moreover, matching the characteristic feature of an S2P substrate, Sll0857 contains one transmembrane helix at around amino acids 52-74, analysed by TMHMM (http://www. cbs.dtu.dk/services/TMHMM-2.0/). Therefore, Slr0643/ Sll0857/SigH might act through a S2P/anti-Sigma factor/ Sigma factor mechanism to regulate gene transcription in acid acclimation (Fig. 5) . In the wild-type upon pH shift, Slr0643 cleaved Sll0857 to liberate SigH for activating downstream gene transcription, including the sigH operon. In the mutant, disrupted Slr0643 cannot effectively free SigH and leads to lower acid inducibility of the sigH operon. This model was consistent with diminished acid inducibility of sigH in the mutant observed by qRT-PCR (Fig. 4a) .
Information about the SigH regulon is limited at present. Primary events of the stress response include stress perception and signal transduction. Stress sensors and signal transducers in Synechocystis include two-component sensor histidine kinases, response regulators, sigma factors and transcription factors (Los et al., 2010) . The pH shift to 6.5 induced upregulation of sigH, hik16 and hik35 and repression of sigG and pcrR ( Table 2 ). The slr0643 disruption at pH 6.5 suppressed expression of the sigH operon, ycf55, sll0822, hik35 and rcp1, while enhancing expression of sigB, sigD, perR, hik31, pilG, copR, sfsA, rre10 and patA (Table 3) . Complicated crosstalk regulation has been reported between sigma factors and suggested to be an important adaptation to different environmental and physiological conditions (Lemeille et al., 2005a, b) . Interference with expression at the RNA and protein level was observed among group 1, 2 and 3 sigma factors (Matsui et al., 2007) . Moreover, sigma factors can be downstream targets of histidine kinase, while differential expression of histidine kinase has also been reported in sigma-factor-disrupted mutants (Murata & Los, 2006; Summerfield & Sherman, 2007) . Therefore whether variation of other stress sensors and signal transducers is a direct effect of slr0643 disruption or an indirect effect of stress signals from sigH suppression remains to be clarified. How these stress sensors and signal transducers are connected with downstream gene expression, such as downregulation of photosynthesis and nitrogen-metabolism genes, excess expression of NADH dehydrogenase and carbon transporters, also remains to be resolved.
Currently, it is implied that the sigH operon is under the direct control of Slr0643 to play a role in acid acclimation.
Future studies on sigH disruption mutants during acid acclimation will clarify which downstream genes are under the control of SigH. Further studies on other S2P homologues in Synechocystis will elucidate their physiological roles during stress perception and signal transduction.
Conclusion
Significant conservation of multiple genes encoding S2P homologues among cyanobacterial genomes implies that these multiple homologues have their own specific roles in regulatory processes, probably through their regulation of anti-sigma/sigma factors. In Synechocystis, slr0643 could only be partially disrupted and the disrupted mutant lost acid acclimation to pH 6.5, suggesting its physiological significance. Microarray analysis revealed early acid acclimation to pH 6.5, including downregulation of porins and upregulation of inorganic carbon and nitrogen transporters, as well as upregulation of sigH, hik16 and hik35 and downregulation of pcrR and sigG. Microarray data also demonstrated that defective photosynthesis and excess NADH dehydrogenase, together with over-activation of carbon transporter and suppression of nitrogen transporter and metabolism genes, accounted for lethality of acid at pH 6.5 to the mutant. Most intriguingly, microarray data uncovered a close relationship between slr0643 disruption and expression of the sigH operon. Thus it was implied that Slr0643/Sll0857/SigH might act through S2P/anti-Sigma factor/Sigma factor mechanisms to play a role in acid acclimation. Further studies on Slr0643/Sll0857/SigH and downstream genes will unravel the integrated signalling cascade during acid acclimation. 
